1. Introduction {#s0005}
===============

Rabies virus (RABV) is a negative-sense and single-stranded RNA virus which belongs to the Lyssavirus genus of the *Rhabdoviridae* family ([@b0235]). Rhabdoviruses are enveloped with a typical bullet- or rod-shaped morphology and characterized by an extremely broad host spectrum ranging from plants to insects to mammals ([@b0235]). Rabies has been known as a deadly neurological disease of both humans and animals for centuries ([@b0105]) and remains a major threat to public health ([@b0115], [@b0135], [@b0160], [@b0175]). Each year rabies causes more than 55,000 human deaths around the world ([@b0175]). Canine rabies is responsible for more than 99% of the human cases in Asia and Africa ([@b0045]). In the United States, dog rabies has been largely brought under control through pet vaccination programs and the number of human cases has declined dramatically during the past 60 years ([@b0075]). Most of the human cases in the USA have been associated with RABV found in bats, particularly the silver-haired bats with no obvious recognized exposure history ([@b0180], [@b0185]). Therefore, there is a need to develop therapeutics for clinical rabies although rabies can be prevented in humans after exposure (usually after an animal bite) by post-exposure prophylaxis (PEP), which is comprised of wound cleansing, vaccination and administration of anti-rabies immunoglobulin. PEP is very effective if it is initiated promptly after exposure ([@b0035]). It is widely accepted that there is no effective treatment for rabies infection which is almost always fatal once neurological symptoms develop ([@b0285], [@b0290]). Although human survivors have been reported recently after treatment with the Milwaukee Protocol or a modification thereof ([@b0170], [@b0295]), its effectiveness has been questioned ([@b0085], [@b0110], [@b0165]).

Rabies clinical signs, especially neurologic signs, are believed to be indicative of virus replication resulting in neuronal dysfunction or injury in the central nervous system (CNS), where peripheral immune effectors have limited access ([@b0305]). Viral infection of the CNS poses unique challenges to the immune system with regards to controlling and eliminating the invading pathogens ([@b0070]). The presence of a blood--brain barrier (BBB) provides a physical and physiological separation of the CNS from the periphery and thus cells and molecules cannot easily enter the CNS ([@b0015], [@b0100], [@b0225]). Although enhancement of BBB permeability and infiltration of inflammatory cells have often been associated with pathological changes in the CNS when infected by viruses ([@b0100], [@b0120], [@b0195]), transiently increased BBB permeability has been found to be helpful in clearing RABV from the CNS ([@b0200], [@b0220]). Induction of an autoimmune CNS inflammation (experimental allergic encephalomyelitis) ([@b0220]) or administration of attenuated RABV (CVS-F3) ([@b0195]) as well as recombinant RABV expressing three copies of the glycoprotein (G) (TriGAS) ([@b0060]) or immune stimulating molecules (for example, GM-CSF) ([@b0275], [@b0280]) all resulted in enhancement of BBB permeability, increased production of virus neutralizing antibodies (VNAs), clearance RABV from the CNS, and prevention of rabies in the mouse model. Furthermore, clearance of attenuated RABV from the CNS correlates with infiltration of B cells into the CNS, expressing high levels of κ-light chain mRNA ([@b0195]). Passively-transferred VNA via intraperitoneal route was insufficient to mediate the CNS clearance of attenuated RABV in B-cell deficient mice ([@b0095]). These observations led to the hypothesis that it is the VNA produced in situ (CNS) by invading B cells, rather than those produced in the periphery and then crossed into the CNS, that are important in clearing RABV from the CNS ([@b0095]). Nevertheless, it has been reported that enhancing BBB permeability with delivering sufficient VNA to the brain may provide an effective treatment after the CNS infection has been established ([@b0145]). In the present study, intravenous administration of VNA was found to be crucial in clearing RABV from the brain and preventing animals from developing rabies in both immunocompetent and B-cell deficient mice as long as the BBB permeability is enhanced.

2. Materials and methods {#s0010}
========================

2.1. Viruses, cells, serum, and animals {#s0015}
---------------------------------------

Street RABV (Dog Rabies Virus from Mexico, DRV-Mexico) ([@b0050], [@b0315]) was propagated in suckling mouse brains. Mouse neuroblastoma cells (NA) were maintained in RPMI 1640 medium (Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY). Recombinant murine monocyte chemotactic protein-1 (MCP-1) was purchased from PreproTech (Rocky Hill, NJ). RABV-antibody positive serum was prepared from blood of ICR mice immunized with rRABV-GMCSF vaccines ([@b0280]). RABV-negative serum was prepared from blood of naïve ICR mice. All sera were pooled and titrated for VNA. Four to six-week old female ICR mice were purchased from Harlan (Indianapolis, IN). Four to six-week old female C57BL/6J, B6.129S2-*Ighm^tm1Cgn^*/J (B cell deficient) were purchased from the Jackson Laboratory (Bar Harbor, ME). All mice were housed in temperature- and light-controlled quarters in the Animal Resources Facility, College of Veterinary Medicine, University of Georgia. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal procedures were approved by the Institutional Animal Care and Use Committee, University of Georgia (animal welfare assurance number: A3085-01). All efforts were made to minimize animal suffering.

2.2. Brain and serum collection {#s0020}
-------------------------------

At indicated time points, whole blood was collected from mice, allowed to clot overnight, and spun down at 10,000*g* for 10 min. Supernatant was isolated for serum antibody analysis. Then, mice were perfused with PBS at a rate of 2 ml/min for 10 min. Independent samples of mouse brains from each group were then homogenized and prepared as 10% (w/v) suspension in DMEM. Homogenized brain samples were centrifuged at 14,000 rpm for 20mins. Supernatant was harvested for virus titration, antibody detection and Western blot analysis.

2.3. Virus titrations {#s0025}
---------------------

Virus titers were determined by direct fluorescent antibody assay (dFA) in NA cells. NA cells in 96-well plate were inoculated with serial 10-fold dilutions of virus preparation and incubated at 34 °C for 2 days. The culture supernatant was removed and the cells were fixed with 80% ice-cold acetone for 30 min. The cells were washed twice with PBS and then stained with FITC-conjugated anti-RABV N antibodies (Fujirebio, Malvern, PA). Antigen-positive foci were counted under a fluorescent microscope (Zeiss, Germany) and viral titers calculated as fluorescent focus units (FFU) per ml. All titrations were carried out in quadruplicate.

2.4. Quantitative real-time PCR (qRT-PCR) {#s0030}
-----------------------------------------

A real-time (RT) SYBR green PCR assay was carried out in an Mx3000P apparatus (Stratagene, La Jolla, CA) to quantify the expression of viral genomic RNA (copy number) as well as mRNA of tight junction proteins (occludin and claudin-5) and κ-light chain. Total RNA was extracted from brain homogenates using the Qiagen RNeasy kit (Qiagen, Redwood, CA) and treated with DNase (Qiagen). The reverse transcriptase and DNA polymerase were utilized from a one-step Brilliant II SYBR green qRT-PCR master mix kit (Stratagene). Each reaction was carried out in duplicate with approximately 100 ng of DNase-treated RNA and 5 nM each primer pairs described previously ([@b0010], [@b0025], [@b0055], [@b0195]). Amplification was carried out at 50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles in two steps: 95 °C for 15 s and 60 °C for 1 min. For absolute quantification of viral genomic RNA, a standard curve was generated by using a serially diluted RNA in vitro transcribed from a plasmid expressing RABV G, and the copy numbers of viral genomic RNA were normalized to 1 g of total RNA. For measurement of the mRNA for tight junction proteins and κ-light chain, the copy numbers were normalized to those of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Levels of gene expression in a test sample are presented as the fold increase over that detected in sham-infected controls.

2.5. Rapid fluorescent focus inhibition test (RFFIT) {#s0035}
----------------------------------------------------

VNA measurement was carried out by the RFFIT as previously described ([@b0065]). 50 μl of serial fivefold dilutions of serum were prepared in Lab-Tek Chamber slides (Nalge Nunc International, Rochester, NY). 50% Fluorescing Foci dose (Fifty FFD~50~) of challenge virus standard (CVS-11) was added to each chamber and incubated for 90 min at 37 °C. NA cells (10^5^ cells) were added into each chamber and the slides were incubated at 37 °C for 20 h. The cells then were fixed with ice-cold 80% acetone and stained with FITC-conjugated anti-RABV N antibodies for 1 h at 37 °C. Twenty fields in each chamber were assessed under a fluorescent microscope. The 50% endpoint titers were calculated according to the Reed--Muench formula ([@b0215]). Then the values were compared with that of a reference serum (obtained from the National Institute for Biological Standards and Control, Herts, UK) and normalized to international units (IU/ml).

2.6. Total IgG ELISA assay {#s0040}
--------------------------

ELISA was carried out by using Mouse IgG Titer ELISA Kit (General Bioscience, Brisbane, CA) according to the manufacturer's instructions. The optical density was measured at 450 nm using a spectrophotometer (BioTek Instruments, VT). Determination of the total IgG concentration was performed by linear regression analysis using software KC4 Signature Ver. 3.4 (Bio-Tek Instruments). A standard curve was prepared using known concentrations of mouse IgG provided in the ELISA Kit (General Bioscience). The IgG concentration of each sample and control was calculated from each corresponding reference standard curve using a 4-parameter logistic regression equation of the KC4 program. The results were expressed as μg/ml for both brain homogenates and serum samples.

2.7. Measurement of BBB permeability {#s0045}
------------------------------------

BBB permeability was determined by measuring Sodium Fluorescein (NaF) uptake as previously described ([@b0140], [@b0195], [@b0200]). 100 μl of 100 mg/ml of NaF, used as a tracer, was injected into the tail vein of each mouse. Peripheral blood was collected after 10 min and PBS-perfused brains were then harvested. Serum recovered was mixed with equal volume of 10% trichloroacetic acid (TCA) and centrifuged for 10 min. The supernatant was collected after centrifugation and made up to 150 μl by mixing with 5 M NaOH and 7.5% TCA. Homogenized brain samples in cold 7.5% TCA were centrifuged for 10 min at 10,000*g* to remove debris. The supernatant was made up to 150 μl by adding 5 M NaOH. The fluorescence of serum and brain homogenate samples was measured using a spectrophotometer (BioTek Instruments) with excitation at 485 nm and emission at 530 nm. NaF taken up into brain tissues is expressed as the micrograms of fluorescence per mg of cerebrum or cerebellum divided by the micrograms of fluorescence per μl of serum to normalize the uptake amounts of marker from peripheral blood at the time of brain tissue collection ([@b0200], [@b0270]). Data are expressed as a fold change in the amount of tracer in tissues by comparison with the values obtained for tissues from negative control.

2.8. Western blot analysis {#s0050}
--------------------------

The brain homogenates were subjected to 8--16% sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) (Thermo Scientific, Rockford, IL). Separated proteins were electroblotted onto nitrocellulose membranes and incubated with primary antibodies overnight. After extensive washing with PBS, the blots were incubated with secondary antibodies. Proteins were detected by SuperSignal West Pico chemiluminescence (Thermo Scientific). Band signals corresponding to immunoreactive proteins were captured and chemiluminescence intensities were analyzed using ChemiDoc 4000 MP documentation System (Biorad, CA).

2.9. Statistical analyses {#s0055}
-------------------------

Graphpad Prism 5 v. 5.01(1992--2009 Graphpad Software Inc., La Jolla, CA, USA) was used for statistical analysis. Survival curves were estimated through Kaplan--Meier method and statistical significance of survival rates between experimental groups was determined by log rank test. Student's *t*-test or one-way ANOVA was used to evaluate the significant difference between experimental group and control or experimental groups, respectively. Statistical significance was set at *p*  \< 0.05.

3. Results {#s0060}
==========

3.1. Intravenous administration of VNA can prevent immunocompetent mice from developing rabies if BBB permeability is enhanced {#s0065}
------------------------------------------------------------------------------------------------------------------------------

Our previous studies revealed that intracerebral administration of rRABV-GMCSF or a combination of inactivated rRABV and MCP-1 can prevent mice from developing rabies by stimulating the production of VNA, enhancing the BBB permeability, and clearing RABV from the CNS ([@b0275]). To investigate if intravenous administration of VNA together with MCP-1 can protect mice from RABV infection, 4--6 week-old ICR mice were infected intramuscularly (biceps femoris muscle of left hindlimb) with 10 IMLD50 (50% mouse intramuscular lethal dose) of a street RABV (DRV-Mexico) as described ([@b0275]). At 5 days post infection (dpi), mice were treated intravenously from the tail vein with 150 μl of RABV-negative serum or RABV-antibody positive serum (VNA titer: 8 IU). To enhance the BBB permeability, mice were treated intracerebrally with 25 μg recombinant murine MCP-1 (suspended in 40 μl of sterile ddH~2~O), which is known to transiently enhance the BBB permeability ([@b0265]). Mice were observed daily for 3 weeks for the development of rabies and the results are shown in [Fig. 1](#f0005){ref-type="fig"} . All infected mice treated with medium only died by day 14 p.i. Only 10% of the mice survived after treatment with the combination of MCP-1 and RABV-negative serum or with the positive serum alone without MCP-1. These results indicate that treatment with MCP-1 alone does not increase the survival rate after RABV infection in the absence of passively-transferred VNAs. Without MCP-1, VNA administered intravenously are unable to pass into the brain to clear RABV. Combined treatment with RABV-antibody positive serum and MCP-1 increased the survival rate to 60% (*p*  \< 0.05).Fig. 1Protective efficacy of immune-competent mice treated with VNA with or without MCP-1 after infection with DRV. ICR mice (groups of 10) at the age of 4--6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then treated intravenously with RABV-negative serum (N) or RABV-antibody positive serum (Ab) with or without recombinant murine MCP-1 (25 μg/mouse, i.c.) at 5 dpi. Infected and treated mice were observed daily for 21 days and survivorship was recorded and analyzed. Asterisks indicate significant differences (^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, ^∗∗∗^*p* \< 0.001) between the indicated experimental groups.

Brains from mice survived (3 weeks after treatment) from or succumb (at the time of death) to rabies were harvested for virus titration and detection of antibody κ-light chain by RT-PCR ([@b0195]). The results are depicted in [Fig. 2](#f0010){ref-type="fig"} . High virus titers (\>10^4^  FFU/ml) were detected in the brains of mice succumbing to rabies and no virus was detected in the survived ones ([Fig. 2](#f0010){ref-type="fig"}A). Similar results were also obtained when the viral genomic RNA was detected ([Fig. 2](#f0010){ref-type="fig"}B). High VNA titers were detected in the serum of surviving mice ([Fig. 2](#f0010){ref-type="fig"}C). The κ-light chain mRNA level in the brain was significantly higher in the surviving mice than in the dead ones ([Fig. 2](#f0010){ref-type="fig"}D). These results indicate that intravenous administration of VNA is crucial in the clearance of RABV from the brain when the BBB permeability is enhanced. However, detection of κ-light chain in the brain suggests that plasma cells entering into the CNS could have produced VNA in situ to provide protection.Fig. 2Virus titers and virus copy number in brains, serum VNA and the expression of κ-light chain mRNA in brains of immune-competent mice treated with VNA with or without MCP-1 after infection with DRV-Mexico. ICR mice (groups of 10) at the age of 4--6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then treated with RABV-antibody negative (N) or positive serum (Ab) with or without recombinant murine MCP-1 at 5 dpi. Sera and brains were harvested once mice reached the criteria of euthanasia by developing paralysis in both hind legs (Dead) or survived through day 21 (Survived). Virus titers (A) and viral genomic RNA copy number (B) in brains and serum VNA (C) as well as the expression of κ-light chain mRNA in brains (D) were determined. Data from groups of *n* ⩾ 3 mice are presented as mean values ± SEM, except for group f and g with only one C57BL/6 mouse survived. Asterisks indicate significant differences (^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, ^∗∗∗^*p* \< 0.001) between the indicated experimental groups. ND: not done.

3.2. Passively transferred antibodies are able to reach the brain once BBB permeability is enhanced {#s0070}
---------------------------------------------------------------------------------------------------

It has been shown that a single intracerebral dose of MCP-1(25 μg) can induce FITC-albumin leakage to the mouse brain ([@b0265]). To ensure that intravenously administered RABV VNAs are able to reach the brain after BBB permeability is enhanced by MCP-1, ICR mice were given RABV-antibody positive serum intravenously with or without MCP-1 and the antibody levels were analyzed 24 h later in both the brain and the serum. The results are depicted in [Fig. 3](#f0015){ref-type="fig"} . The level of VNAs was found to be similar in the serum of mice with or without MCP-1 treatment ([Fig. 3](#f0015){ref-type="fig"}B) while the VNA levels in the brains of mice treated with RABV-antibody positive serum in conjunction with MCP-1 were significantly higher (∼0.3 IU) than in mice treated with VNA-positive serum without MCP-1 (\<0.1 IU) ([Fig. 3](#f0015){ref-type="fig"}A). Similar findings were also observed when total IgG levels were measured by ELISA ([Fig. 3](#f0015){ref-type="fig"}C and D). These results demonstrate that passively administered VNAs are able to pass through BBB when BBB permeability is enhanced with MCP-1.Fig. 3Serum VNA and total IgG in brains and sera of immune-competent mice treated with VNA and/or MCP-1. ICR mice (groups of 3) at the age of 4--6 weeks were treated with RABV-antibody positive serum (Ab) with or without recombinant murine MCP-1. Mice were euthanized 24 h after the treatment and both sera and brains were harvested. VNA in brains (A), serum VNA (B), total IgG in brains (C) and serum total IgG (D) were determined. Data are presented as mean values ± SEM. Asterisks indicate significant differences (^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, ^∗∗∗^*p* \< 0.001) between the indicated experimental groups.

3.3. Enhancement of BBB permeability peaked at 36 h after administration of MCP-1 that correlates with the down-regulation of tight junction protein expression {#s0075}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

It has been shown that MCP-1 enhanced the BBB permeability 6--12 h after injection and the effect waned off 24--48 h ([@b0265]). To investigate if infection with wt RABV would change the dynamics of BBB permeability enhancement by MCP-1, mice were infected with DRV-Mexico and then treated with MCP-1 and RABV-antibody positive or negative serum at 5 dpi. NaF uptake was measured in mice at 12, 24, 36, and 48 h after treatment with MCP-1. As shown in [Fig. 4](#f0020){ref-type="fig"} , infection with DRV-Mexico alone did not change the BBB permeability when compared to the controls. The enhancement of BBB permeability was detected at 12 h, reached a peak at 36 h, and declined at 48 h after MCP-1 injection with the greater effect observed in the cerebrum than in the cerebellum ([Fig. 4](#f0020){ref-type="fig"}A and B). These studies indicate that infection with RABV does not change the dynamics of BBB permeability enhancement by MCP-1.Fig. 4BBB permeability in cerebrum and cerebellum as well as the expression of tight junction proteins (occludin and claudin-5) in brains of immune-competent mice treated with MCP-1 with or without VNA after infection with DRV. ICR mice (groups of 3) at the age of 4--6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then treated with recombinant murine MCP-1 and RABV-antibody negative (N) or positive serum (Ab) at 5 dpi. BBB permeability in cerebrum and cerebellum, (A) and (B), respectively, and mRNA and quantitative (Western blotting) expression of occludin (C and E) and claudin-5 (D and F) were determined at 12, 24, 36, 48 h after the treatment. Data from groups are presented as mean values ± SEM. Asterisks indicate significant differences (^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, ^∗∗∗^*p* \< 0.001) between the control and experimental groups.

MCP-1 has been reported to attract leukocytes and to increase BBB permeability by redistributing tight junction proteins and reorganizing actin cytoskeleton ([@b0260]). The expression of tight junction proteins (occludin and claudin-5) was measured by RT-PCR and Western blotting as described ([@b0040]). An inverse relationship was found between the BBB permeability and the expression of tight junction proteins ([Fig. 4](#f0020){ref-type="fig"}C and D). When the NaF intake increased in the brain of mice after treatment with MCP-1 (12--36 h), the expression of tight junction proteins decreased (12--36 h). When the BBB permeability started to decline at 48 h, the expression of tight junction proteins increased. These observations were confirmed by quantitative Western blotting ([Fig. 4](#f0020){ref-type="fig"}E and F). These results suggest that MCP-1 enhances the BBB permeability possibly through down-regulation of tight junction proteins in the brain vasculature.

3.4. Treatment with VNA and MCP-1 is crucial for the clearance of RABV from the brain {#s0080}
-------------------------------------------------------------------------------------

To determine if combined treatment with MCP-1 and RABV-antibody positive serum is crucial in clearing RABV from the brain, mice were infected with DRV-Mexico. At 5 dpi, mice were treated with MCP-1 with or without RABV-antibody positive serum. Animals were sacrificed at 12, 24, 36, 48 h after treatment. Animals were also sacrificed at the time when DRV-infected mice without any treatment develop hindlimb paralysis (reached the euthanasia criteria) at 10 dpi (indicated as D10) or survived at 15 dpi (indicated as D15) to ensure the clearance of RABV from the brain in an established infection. Brain and serum samples were collected from sacrificed mice for detection of VNAs and total IgG. Virus copy number and mRNA level of κ-light chain were measured in the brain samples. The results are summarized in [Fig. 5](#f0025){ref-type="fig"} . All mice treated with MCP-1 without RABV-antibody positive serum reached euthanasia criteria before D15. Therefore, no samples were collected for this group (DRV+ MCP-1+N/D15).Fig. 5VNA and total IgG in brains and sera, viral copy number and the expression of κ-light chain mRNA in brains of immunocompetent mice treated with MCP-1 with or without VNA after infection with DRV. ICR mice (groups of 3) at the age of 4--6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then treated with recombinant murine MCP-1 (25 μg/mouse, i.c.) and RABV-antibody negative (N) or positive serum (Ab) at 5 dpi. Mice were euthanized at 12, 24, 36, 48 h after the treatment) as well as at 10 dpi (indicated as D10) or survived at 15 dpi (indicated as D15). There is another group of one ICR mouse with only DRV infection and sacrificed at 10 dpi (DRV/D10). Both sera and brains from all groups were harvested for determination of VNA in brains (A) and in sera (B), total IgG in brains (C) and sera (D), viral genomic RNA copy number in brains (E) and the expression of κ-light chain mRNA in brains (F). Data are presented as mean values ± SEM. Asterisks indicate significant differences (^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, ^∗∗∗^*p* \< 0.001) between the corresponding time points of MCP-1 with N or Ab groups. ND: not done.

In mice treated with MCP-1 without RABV-antibody positive serum, no detectable levels of VNAs were found in the brain ([Fig. 5](#f0025){ref-type="fig"}A) or in the serum ([Fig. 5](#f0025){ref-type="fig"}B) during the observation period, suggesting that wt RABV (DRV-Mexico) is incapable of inducing VNAs. VNAs were detectable in the brains shortly (12 h) after the combined treatment (MCP-1 and RABV-antibody positive serum). The level of VNAs in the brain reached a peak at 36 h and then declined ([Fig. 5](#f0025){ref-type="fig"}A), corresponding to the enhancement of BBB permeability ([Fig. 4](#f0020){ref-type="fig"}). In the serum, VNA levels remained constant after administration ([Fig. 5](#f0025){ref-type="fig"}B). VNA levels in both the brain and serum continued to be significant at 10 and 15 dpi in mice treated with MCP-1 and RABV-antibody positive serum while VNAs remained undetectable in mice treated with MCP-1 but without RABV-antibody positive serum ([Fig. 5](#f0025){ref-type="fig"}A). These mice developed severe signs of rabies. On the other hand, no significant differences were observed in IgG levels in the brain and serum between DRV-infected mice treated with MCP-1 with or without RABV-antibody positive serum ([Fig. 5](#f0025){ref-type="fig"}C and D). IgG levels in the brains peaked immediately 12 h after administration which correlates with the timing of BBB permeability being enhanced by MCP-1 ([Fig. 5](#f0025){ref-type="fig"}C). Together, these results suggest that wt RABV fails to elicit VNA responses and passively-transferred RABV-antibody positive serum along with MCP-1 is needed for mice to maintain a protective VNA level in the brain.

As shown in [Fig. 5](#f0025){ref-type="fig"}E, virus copy numbers increased steadily in the brain of mice infected with DRV-Mexico and treated with MCP-1 plus RABV-negative serum. The highest virus copy number was observed on 10 dpi when infected mice developed severe clinical signs. In contrast, viral genomic RNA gradually decreased in the brains of mice infected with DRV-Mexico and treated with MCP-1 and RABV-antibody positive serum. Similar results were also observed for virus titers (data not shown). The decrease in virus copy numbers and titers corresponds to the increase of VNA in the brain. At 10 dpi, virus copy number in the brain of mice treated with RABV-negative serum was 1000 times more than in mice treated with RABV-antibody positive serum. Similar virus copy numbers were detected in the brains of mice infected with DVR-Mexico and treated with MCP-1 alone and those without any treatment at 10 dpi. By 15 dpi (10 days after treatment), virus was no longer detectable in the surviving mice treated with MCP-1 and RABV-antibody positive serum. These findings indicated that MCP-1 alone is not capable of clearing RABV from the brain. Instead, intravenous administration of VNA, in addition to MCP-1, is crucial in clearing RABV from the brain.

The copy numbers of κ-light chain as detected by RT-PCR were similar in the brains of mice treated with MCP-1 plus RABV-antibody positive or negative serum ([Fig. 5](#f0025){ref-type="fig"}F). The level was very low in the beginning stage of infection and reached high levels by 10 dpi. However, the copy numbers of κ-light chain were significantly higher in mice with MCP-1 treatment than without. These data may indicate that plasma cells induced by infection with DRV-Mexico can cross the BBB after treatment with MCP-1.

3.5. VNA in the absence of antibody-producing cells can prevent mice from developing rabies after BBB is compromised in B-deficient mice {#s0085}
----------------------------------------------------------------------------------------------------------------------------------------

To exclude the possibility that VNA-producing plasma cells entering into the CNS are absolutely required to clear RABV from the CNS, the experiment as summarized in [Fig. 1](#f0005){ref-type="fig"} was repeated in B-cell deficient mice. B6.129S2-*Ighm^tm1Cgn^*/J (B-cell deficient) and C57BL/6J (background) mice were inoculated intramuscularly with 10 IMLD50 DRV-Mexico. Half of the mice were left untreated and the other half treated intravenously with RABV-antibody positive serum in conjunction with MCP-1 at 5 dpi. Without treatment (MCP-1 or VNA), B-cell deficient and C57BL/6J mice all died by 12--14 dpi ([Fig. 6](#f0030){ref-type="fig"} ). Eighty percent of the C57BL/6J mice treated with RABV-antibody positive serum and MCP-1 survived ([Fig. 6](#f0030){ref-type="fig"}) and κ-light chain mRNA was detected in the CNS of surviving mice ([Fig. 7](#f0035){ref-type="fig"} D). Only 25% of the B6.129S2-*Ighm^tm1Cgn^*/J mice survived when treated at day 5 after infection ([Fig. 6](#f0030){ref-type="fig"}) despite the fact that VNA titers were still high in the serum ([Fig. 7](#f0035){ref-type="fig"}C). This might be due to the fact that VNA level declined 48 h after injection of MCP-1 ([Fig. 5](#f0025){ref-type="fig"}). Thus additional dose of MCP-1 was given at day 7 after infection, which increased significantly (*p*  \< 0.05) the survival rate from 25% (MCP-1 given only at 5 dpi) to 78% (MCP-1 given at both 5 and 7 dpi) in B6.129S2-*Ighm^tm1Cgn^*/J mice ([Fig. 6](#f0030){ref-type="fig"}). Yet, no κ-light chain was detected in the CNS of these mice ([Fig. 7](#f0035){ref-type="fig"}D). Virus was detected only in the brains of mice succumbed to rabies, but not in those that survived ([Fig. 7](#f0035){ref-type="fig"}A and B). From these results, it is clear that antibody-producing plasma cells are not absolutely required to clear RABV if sufficient VNAs are allowed to enter the CNS.Fig. 6Protective efficacy in B-cell deficient mice treated with VNA and MCP-1after infection with DRV. C57BL/6J and *Ighm^tm1Cgn^* (B-cell deficient) mice (groups of 8) at the age of 4--6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then treated with RABV- antibody positive serum (Ab) in conjunction with MCP-1 at 5 dpi or at both 5 and 7 dpi. Infected and treated mice were observed daily for 21 days and survivorship was recorded and analyzed. Asterisks indicate significant differences (^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, ^∗∗∗^*p* \< 0.001) between the indicated experimental groups.Fig. 7Virus titers and virus copy number in brains, serum VNA and the expression of κ-light chain mRNA in brains of B-cell deficient mice treated with RABV-antibody positive serum and MCP-1 after infection with DRV. C57BL/6J and *Ighm^tm1Cgn^* (B-cell deficient) mice (groups of 8) at the age of 4--6 weeks were infected i.m. with 10 IMLD50 DRV and then treated with RABV-antibody positive serum (Ab) in conjunction with MCP-1 at 5 dpi or at both 5 and 7 dpi. Infected and treated mice were observed daily for 21 days. Both sera and brains were harvested once mice reached the criteria of euthanasia by developing paralysis in both hind legs (Dead) or survived through day 21 (Survived) for the determination of virus titers (A) and viral genomic RNA copy number (B) in brains, serum VNA (C) and κ-light chain mRNA in brains (D). Data from groups of *n* ⩾ 3 mice are presented as mean values ± SEM, except for group e with only one C57BL/6J mouse dead. Asterisks indicate significant differences (^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, ^∗∗∗^*p* \< 0.001) between the indicated experimental groups. ND: not done.

4. Discussion {#s0090}
=============

Our previous studies indicated that intracerebral administration of rRABV-GMCSF could stimulate the production of VNA, enhance the BBB permeability, and clear RABV from the brain, therefore, preventing mice from developing rabies as late as 5 days after infection with a wt RABV. However, administration of inactivated rRABV-GMCSF did not improve the survival rate despite the fact that VNA was produced in the periphery. Yet enhancing the BBB permeability by MCP-1 could improve the survivor rate of mice treated with inactivated rRABV-GMCSF ([@b0275]). In the present study, we demonstrated that exogenously delivered VNA is crucial in clearing an established infection by wt RABV in the brain and preventing the development of rabies in immunocompetent and immunodeficient mice as long as the BBB permeability remains enhanced.

Despite natural infection of mice being rare, mouse models have been used in many rabies studies given their short incubation period. Unlike humans where RABVs may take weeks to reach the CNS from the site of exposure and cause clinical illness, the spread of RABVs to the CNS in mice is rapid with virus generally being detectable in CNS tissues within 48 h of infection ([@b0090]). Clinical signs, particularly neurologic signs, are believed to indicate neuronal injury/dysfunction related to virus replication in CNS neurons. Hindlimb paralysis, a major neurological sign of rabies infection in mice, may not be the best endpoint for wt rabies infection in mice, especially given that infection of spinal neurons was believed to be the cause of hindlimb paralysis in infections with laboratory rabies strain (CVS-11). However, our previous studies demonstrated that the highest RABV titer was detected in the brains, at 9 dpi, right before RABV-infected mice develop hindlimb paralysis ([@b0275]). Therefore, it was used as the humane endpoint in present this study to demonstrate the clearance of RABV from the CNS by passively transferred antibodies and also to minimize the suffering of the infected mice. BBB is a physical and physiological barrier formed by the endothelial tight junctions, impeding the influx of most compounds from the peripheral circulation to enter the CNS ([@b0005], [@b0015]). Thus, BBB plays an important role in maintaining the homeostasis in the CNS ([@b0190]) and enhancement of BBB permeability has often been associated with CNS diseases ([@b0255]). Some viruses, such as lymphocytic choriomeningitis virus and attenuated RABV, that infect the CNS can enhance the BBB permeability resulting in infiltration of inflammatory cells and pathological changes ([@b0120], [@b0195]). In wt RABV infection, however, BBB permeability is not enhanced since RABV bypasses the BBB and enter the CNS via axonal transport directly from the site of peripheral inoculation ([@b0095], [@b0225]). Enhancement of BBB permeability is thus required for immune effectors to enter into the CNS to clear RABV and prevent the occurrence of rabies ([@b0195], [@b0230]). To enhance the BBB permeability for RABV clearance from the CNS, lab-attenuated RABV ([@b0195]) and recombinant RABV expressing three copies of G ([@b0060]) or GM-CSF ([@b0275], [@b0280]) have been directly injected into the brain and were found to stimulate VNA production and enhance the BBB permeability, resulting in the clearance of RABV from the CNS and prevention of the development of rabies in the mouse model after infection with wt RABV.

MCP-1 has been reported to transiently enhance the BBB permeability in mice without causing obvious side effects ([@b0265]) and has been used to enhance the BBB permeability for RABV clearance in our previous studies ([@b0275]). In the present study, the role of MCP-1 in enhancing the BBB permeability was investigated, including the dynamics of BBB permeability change, the level of RABV VNA in the brain, and the down-regulation of tight junction proteins in the brain vasculature. A single intracerebral dose of MCP-1 enhanced the BBB permeability significantly over the control mice. The enhancement reached a peak by 36 h, an observation similar to that previously reported ([@b0265]). Administration of MCP-1 resulted in the reduction of TJ protein (occludin and claudin-5) expression in our studies. It has been known that enhancement of BBB permeability correlates with the reduction of TJ protein expression in the brain vasculature ([@b0040], [@b0125], [@b0130], [@b0145]). Our results further support the functional role for the cytoplasmic anchorage of TJ particles for brain endothelial barrier function. VNA levels in the brains were also measured to evaluate whether the compromised BBB allows antibodies to leak into the brain. The possible interference of circulating antibodies, particularly VNAs, in brain vasculature was minimized by PBS perfusion before sample collection as previously described ([@b0310]). It is always possible that residual antibodies which did not pass the BBB may not be completely eliminated by perfusion. However, VNA in the brain was found to be significantly higher in mice treated with the combination of VNA and MCP-1 than in mice treated with VNA alone, which indicates that significantly more VNA passed through the BBB with MCP-1 treatment since the VNA level in the serum was similar in these animals. Therefore, enhancement of BBB permeability allowed intravenously administered VNA to pass through the BBB and into the brain which inhibited RABV replication, leading to eventual clearance of RABV from the brain and prevention of the development of rabies. Without MCP-1, intravenously administered VNA cannot pass through the BBB to clear RABV in the brain and prevent the development of rabies. Enhancement of BBB permeability alone, however, cannot prevent the development of rabies in mice infected with wt RABV as has been demonstrated clearly in previous ([@b0275]) and this study. Although MCP-1 is capable of recruiting leukocytes into the CNS ([@b0300]) and intracerebral injection of MCP-1 may induce a localized inflammation secondary to the mechanical stimuli, MCP-1 (i.c.) alone or a combination of MCP-1 (i.c.) and negative serum (i.v.) is insufficient to clear wt RABV from the brain and prevent the development of rabies. These studies indicate that MCP-1 alone or mechanical stimuli of intracerebral injection does not lead to the clearance of RABV from the brain or increase survival.

VNA has been suggested to be produced in the brains of mice infected with attenuated RABV (CVS-F3) which may thus contribute to RABV clearance ([@b0095]). However, it has been known for a long time that natural infection with wt RABV does not induce a strong antiviral immune responses ([@b0020]). [@b9000] reported that less than 30% of the human rabies patients developed VNA at the time of death. In this present study, no VNA was detected in mice infected with DRV-Mexico and all mice died without any intervention. This finding further suggests that although non-VNA could be made in the brain, it does not contribute to survival during wt rabies infections. The mechanism by which wt RABV does not induce the production of VNA is not entirely clear at the moment and further studies are warranted.

It has been hypothesized that it is the VNA produced in situ (CNS) by invading B cells, not those produced in the periphery and then transported into the CNS, are important in clearing RABV from the CNS ([@b0095]). Passively transferred VNA via intraperitoneal route failed to clear attenuated RABV from the brain in B-cell deficient mice. However, our studies summarized here demonstrate a different result in the wt RABV-infected mouse model, which is likely more relevant to clinical rabies in humans. The intravenously administered VNA is important in clearing wt RABV from the brain and preventing the development of rabies not only in immunocompetent mice, but also in B-cell deficient mice as long as the BBB permeability remains enhanced. Thus production of VNA in situ (brain) by plasma cells is not absolutely required for wt RABV clearance from the brain. Similar results have also been reported for coronavirus-induced encephalomyelitis. Although recruitment of virus-specific antibody-secreting cells (ASC) mediated by CXCR3 has been found helpful in controlling coronavirus-induced encephalomyelitis ([@b0155], [@b0205]), viral recrudescence can be prevented in B-cell-deficient and IgM^−/−^ mice by intraperitoneal administrations of JHMV-specific neutralizing antibodies ([@b0150], [@b0210]). Thus these findings further demonstrate that production of VNA in situ (brain) by antibody-secreting cells (ASC) is not absolutely required for clearance of viruses from the brain.

It was found in our study that MCP-1 has to be administered twice (at 5 and 7 dpi) in B-cell deficient mice in order to achieve a similar rate of protection as found in immunocompetent mice after one injection. We attribute this to the transient nature of MCP-1 in enhancing the BBB permeability ([@b0265]) and the low level of VNA present in the brain (∼0.3 IU) despite the fact that VNA level in the serum remains high (3--4 IU). Thus continued enhancement of BBB permeability is required for maintaining sufficient VNA level in the brain to clear RABV. It was speculated that B cell deficient mice could mediate non-antibody dependent antiviral mechanisms and thus play a role in the clearance of RABV from the brain. However, all mice died without being treated with RABV antibody-positive serum and more mice survived when treated with MCP-1 twice than those treated only once, further indicating that VNA passing into the brain from the periphery played a decisive role in clearing RABV from the brain in the B-cell deficient mice.

Although traditional inactivated RABV vaccines have been used for pre- and post-exposure prophylaxis in humans with high safety and efficacy, they are not useful for delayed treatment and can even accelerate the rabies ([@b0035], [@b0240], [@b0245]). Other vaccines, such as, live-attenuated RABV vaccine and recombinant vaccine expressing RABV G, are limited to use only in wildlife animals ([@b0030], [@b0080], [@b0250]). Recent studies suggested that live-attenuated vaccines expressing multiple copies of the G or immune-stimulating molecules not only have the potential to replace the traditional inactivated RABV vaccines, but also can clear RABV from the CNS if administered intracerebrally ([@b0060], [@b0275]). However, intracerebral administration of live-attenuated or recombinant RABV still possesses safety concerns. Our results demonstrated that VNA can be administered by intravenous route and is crucial for RABV clearance from the brain before the appearance of clinical signs. It would be interesting to initiate the treatment after the appearance of clinical signs. However, there are still obstacles to overcome. For example, virus burden will increase and changes in neuronal injury/dysfunction may not be reversible at late stage of RABV infection. Thus further studies are warranted. Nevertheless, the findings presented in this study provide a foundation for developing VNA therapy for human clinical rabies.
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